Abstract -Introduction. The fruit of 'Encore' mandarin (Citrus deliciosa × Citrus nobilis) usually shows chlorotic spots in the epicarp from the first stages of development. This peel disorder triggers off, thereafter, the occurrence of a large quantity of dark stains (pre-harvest 'peel pitting'). Materials and methods. A biochemical and ultra-structural study of the flavedo, using epicarp with and without stains, was carried out. Quality assays were assessed on the edible portion of the fruit or on juice. Results. The cell structure of pitted and unpitted epicarp analysed by electron microscopy revealed that dark spots were associated with the degradation of cellular membranes. The peroxidase system that shields the epicarp against photooxidative stress showed an inhibition of catalase activity and an increase of superoxide dismutase functioning. Moreover, the activities of ascorbate peroxidase and glutathione reductase remained unaffected in stained tissues. In sunshade trees, it was also found that the number of dark stains per fruit decreased but the internal quality of the endocarp was not significantly affected. The weight and the caliber of the fruit also slightly decreased. Discussion. High light intensities induce an oxidative stress in the epicarp, which is characterized by an increased peroxidation and degradation of biological membranes. On the other hand, protection against solar radiation alleviates the stress, but, although not affecting the internal quality of the fruit, slightly decreases the fruit weight and size.
Introduction
During fruit development, 'Encore' mandarin is affected by pre-harvest peel pitting [1] . This disorder is characterized by cellular damage [2] related to specific senescence processes [3, 4] . In the first stages of fruit growth, the observations of flavedo spot sections reveal parenchymal cells flattened and collapsed, increasing in parallel with the epidermis. In these cell layers, the cytoplasm is plasmolysed, being visible as a dense and shrunken mass, resulting from the destruction of the cytoplasmic membranes and from the accumulation of large amounts of osmiophilic material [2] . In this context, the production and control of oxy radicals play a fundamental role. To living cells, dioxygen is both useful and toxic [5] . Throughout excitation and univalent reductions, dioxygen produces strongly reactive chemical entities such as superoxide and hydroxyl radicals, as well as hydrogen peroxide. These chemical species oxidise acyl lipids and proteins namely in cellular membranes, increasing the rate of senescence. Even through such chain reactions can seriously amplify the damage caused by the initiating radical, the cells contain antioxidant systems which interrupt free radical chain reactions, decreasing the damage done per radical initiation [6, 7] . Nevertheless, during senescence, these chemical entities increase throughout inactivation of the antioxidant systems [5] .
Following the general assumption that the defence mechanisms against oxygen toxicity are impaired in the dark stained tissues, the main objective of this work was to study in detail the cellular degradation and to characterize the alterations of the antioxidant defence mechanisms in order to identify the limiting steps of the amphibolic pathway. Additionally, through a minimisation of the photooxidative stress, using as a modelling system cutting nets of solar radiance (to 50%) applied over whole the trees, the implications of a decreasing light supply to the internal quality of the fruits during the harvest / market period was also evaluated.
Materials and methods

Plant material
In the beginning of the development of fruit of Encore mandarin (July 11, 1998) a cutting net of 50% solar radiance was installed over four trees of Encore mandarin in an orchard located in the South of Portugal (Almansil, Algarve). Two trees were shaded until the end of November, 1998 (E1), and the other two remained protected until fruit maturity (end of April, 1999) (E2). Between September, 1998, and April, 1999, fruits were picked.
2.2.Transmission electron microscopy
Between September and November of 1998, fragments of healthy flavedo with encircled spots were fixed overnight at 4 °C in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4. The specimens were washed three times for 30 min in the same buffer, stained in block in 1% buffered uranyl acetate, dehydrated in an ethanol gradient to absolute ethanol and embedded in Spurr's resin [8] . Sections 80-100 nm thick were cut in an LKB-ultramicrotome IV using glass knives. Thin sections for transmission electron microscopy (TEM) were stained in an aqueous saturated solution of uranyl acetate for 30 min and post-stained in a 3% aqueous solution of lead citrate at room temperature [2] . Ultrastructural observation was made with a Philips 300 Transmission Electron Microscope at 80 kV.
Enzyme activities
On February of 1999, the maximum activities of superoxide dismutase (E.C. 1.15.1.1), glutathione reductase (E.C. 1.6.4.2), ascorbate peroxidase (E.C. 1.11.1.7) and catalase (E.C. 1.11.1.6) were measured following McCord and Fridovich [9] , Dalton et al. [10] , Nakano and Asada [11] and Patra et al. [12] , respectively. Superoxide dismutase was extracted from pieces of flavedo homogenized in 0.1 M Tris -HCl (pH 8), 0.1 mM EDTA and 0.3% Triton X-100. A 50-80% ammonium persulphate precipitation was therefore applied to the supernatant, being the extracted protein homogenized in the extraction buffer (2 min, 4-6°C). After filtration and centrifugation at 2 000 × g (4 min, 4-6°C), the total activity of superoxide dismutase was measured at 550 nm. The enzyme activity is expressed as units mg protein, being one unit defined as the amount of enzyme required to inhibit the reduction rate of cytochrome c by 50% under the assay conditions. The activity of glutathione reductase was measured indirectly through the oxidation of nicotinamide adenine dinucleotide phosphate (NADPH). Samples of flavedo were homogenized in 75 mM phosphate buffer (pH 7.5) with polyvinylpirrolidone (PVP, 15% weight / volume) at 4-7°C. The solution was filtered and centrifuged at 2000 × g (5 min, 6-8°C), and the activity measured in the supernatant at 25°C, using 200 µL of supernatant in a reaction mixture having 0.5 mM GSSG (oxidised glutathione), 0.25 mM NADPH, 75 mM Tricina (pH 7.8) and 0.5 mM EDTA (ethylene diamine tetraacetic acid). The results were corrected considering the independent rate of NADPH oxidation. The measurement of ascorbate peroxidase activity was carried out using pieces of flavedo homogenized in 0.35 M sorbitol, 25 mM HEPES 1 (pH 7.6), 1 mM EDTA (1 min, 4-6°C). After filtration and centrifugation at 200 × g (2 min, 2-4°C), the activity was determined at 290 nm, using the absorption coefficient of 2.8 mM . cm -1 in a reactive mixture containing the supernatant fraction and 0.5 mM ascorbate. To measure the activity of catalase, samples of flavedo were homogenized in 100 mM phosphate buffer (pH 7.8) during 1 min at 4-6°C. After filtration and centrifugation at 10 000 × g (45 min, 4-6°C), the activity was measured using the supernatant fraction in a reaction mixture having 0.035% H 2 O 2 and 100 mM phosphate buffer (pH 7.8). The consumption of H 2 O 2 was followed at 540 nm. All the enzymatic activities were measured using two disks of the epicarp tissue (1.86 cm 2 each) from three fruits.
The concentrations of ascorbate and dehydroascorbate in stained and unstained epicarp were measured using two disks (1.86 cm 2 each) from three fruits. The disks were frozen in liquid nitrogen and processed as described by Kampfenkel et al. [13] . Freezing 6% (w/v) TCA was added to the tissues. After grinding to a fine powder, the mixture was continuously homogenized until completely thawed and, then, was kept on ice for 15 min. The homogenate was quantitatively transferred to a 2-mL reaction vessel on ice, and adjusted to a volume of 2 mL with 6% (w/v) TCA and then centrifuged for 5 min at 15600 × g (4°C). The supernatant was immediately used for measuring ascorbate and dehydroascorbate concentrations.
Effects of solar radiance protection on fruit quality
On February 22, March 7, March 21, April 11 and April 25, fruits were collected from trees: without any protection against fotooxidative damage (T); submitted to solar radiance protection until the end of November (E1); submitted to solar radiance protection until the end of April (E2).
In the fruits collected until April 11, the following parameters were analysed: number of dark stains per fruit; caliber (diameter); weight; colour of the epicarp (using a Minolta Chromamiter CR-300, Japan); soluble solid concentration (using a Euromex digital hand refractometer) and titratable acidity, as described by Alavoine et al. [14] ; sensorial quality according to the visual appearance, texture and flavour of the fruits (evaluated by a panel of 8-10 juries). Sensorial quality parameters were evaluated using a scale varying from zero (unacceptable) to twenty (high quality fruits).
In the fruits collected on April 25, the following characteristics were analysed: ascorbic acid concentration [13] ; starch content following Nielson [15] ; sucrose, total and reducing sugars according to Sumner [16] . The reducing sugar concentration measurement was carried out using a standard calibration curve of glucose. After addition of invertase to the sample, the total sugars were measured using the same curve.
The number of dark stains per fruit, caliber, weight and colour of the epicarp were measured using one hundred fruits of each Healthy sub-epidermal cell (Encore mandarin fruit peel). Cytoplasm with numerous organelles: plastids, mitochondria and cisternae of endoplasmic reticulum. There were no signs of injured cell membranes (electron mycroscopy).
Figure 2.
A disorganised sub-epidermal cell of parenchyma (Encore mandarin fruit peel). The plasmalemma, the tonoplast and plastidial membranes lost their integrity (electron mycroscopy).
treatment (T, E1 and E2
). The soluble solid concentration, titratable acidity, starch content, sucrose, total and reducing sugars were determined using samples of twentyfive fruits with four replicates. Ascorbic acid was measured using an intimate mixture of four replicates of five fruits each.
Statistics
Statistical analysis was performed using a one way anova (F-ratio test, for p = 0.05). Based on the anova results, a Tuckey's test was performed for mean comparison (for a 95% confidence level).
Results
In the healthy flavedo of Encore mandarin the sub-epidermal cells have an abundant cytoplasm and a large number of cellular organelles. Large number of plastids, abundant mitochondria and abundant endoplasmic reticulum cisternae can be seen (figure 1) . The plasmalemma, the tonoplast, the plastid's envelope and the others cellular membranes still maintain their integrity.
The damaged flavedo cells revealed a great intracellular disorganisation due to the degradation of cell membranes (figure 2) . This degradation process leads to the formation of amorphous and electrondense masses ( figure 3) . The senescence process was confirmed by the development of inhibitory steps in the amphibolic system coupled to oxy radicals production and control. Indeed, in pitted tissue the activity of superoxide dismutase increased (280%), that of catalase decreased significantly by 42%, while ascorbate peroxidase and glutathione reductase did not vary significantly (table I ). Additionally, in close association with these enzymatic changes, lower levels of ascorbate and dehydroascorbate were also found in the pitted tissues ( figure 4) .
Due to the application of the tree shading, the fruits showed a significant decrease in the number of dark stains over the epicarp (figure 5) with the related area apparently not being changed. This beneficial effect increased with time during the harvest / market period, since the decreasing number of the dark stains changed from 50% (in the first picking) to 70% (in the last picking). The weight of the fruits belonging to the protected trees was significantly reduced at all sampling dates (table II ) . Titratable acidity was increased while soluble solid concentration decreased in these fruits. However, this tendency was not evident in the last harvest. The sensorial quality of the fruits did not seem to be affected in any sampling date. The analyses of the epicarp colour of the fruits of the protected trees revealed that the patterns of the L* increased whereas that of a* decreased (table III ) . However, in the last picking of E2, there were not any significant differences concerning to the colour of the fruit. In the fruits of the trees protected against solar radiance occurred a significant decrease of the content of reducing sugars. Until the end of April, these fruits also showed a significant decrease in the total sugars (table IV ). Starch and sucrose content did not show any significant variation while the level of ascorbate sharply increased in the fruits of the protected trees against solar radiation until the end of November.
Discussion
At present time, the causes of the lesions associated to the peel pitting are not known, but, as confirmed by TEM, they seem to be coupled with unrepaired damage of cell membranes in the flavedo. The breakdown of the tonoplast in injured cells would accelerate the oxidation of phenolic substances and the oxidation products might prevent the normal function of organelles and membranes, as Abe [17] observed in dehydrated chilled tissues. Water loss of parenchymal cells of the flavedo was observed by cuticular cracking in Citrus [18] . Solar radiation may be involved in the alteration of the cuticle and high rind temperatures over a large period may induce localised dehydration in epidermal and sub-epidermal cells leading to membrane collapse [2] .
Following the alterations on the regulatory steps of the peroxidase system coupled to the control of oxy radicals, this peel disorder indicates a major accumulation of high levels of H 2 O 2 . This assumption is closely related with the decreasing activity of catalase (table I ) and, furthermore, these data are in agreement with previous findings [3] stating that the accumulation of H 2 O 2 seems to be further reduced to the hydroxyl radical. Indeed, this oxy radical is known to be highly responsible for the peroxidation of the acyl lipids in Encore mandarin [3, 6] , mediating senescence [19] . The ascorbic -glutathione cycle regulates the accumulation of H 2 O 2 , yet, in pitted tissue, the levels of ascorbate and dehydroascorbate tending to be lower than in the unpitted tissue and, furthermore, the combined total activity of ascorbate peroxidase also Table II . Physiological parameters of Encore mandarin fruits collected at different picking dates according to different treatments: trees without any protection against solar radiance, protected until the end of November or until the end of April. Each value is the mean ± standard error (n = 100). Different letters in a same row indicate the means with significant differences (p ≤ 5%). The CIE (Commission internationale de l'éclairage) 1976 L a b colour system was used: L* indicates the luminosity variation, a* and b* are the chromatic variables. a* indicates the variation from green (-) to red (+) and b* from blue (-) to yellow (+).
Table IV.
Chemical composition of the endocarp of Encore mandarin fruits collected on April 25, at the commercial harvest date, according to different treatments: trees remained without any protection against solar radiance, or trees protected until the end of November or until the fruit harvest in April. Each value is the mean ± standard error (n = 100). decreased. These alterations indicate that the higher activity of glutathione reductase is limited in vivo because an additional consumption of dehydroascorbate to recycle the GSH is not possible. Thus, this becomes a metabolic limitation to the antioxidant capacity of that enzymatic system.
The application of a cutting net (to 50%) over the trees decreased the number of dark stains per fruit limiting the photooxidative stress and, therefore, the concurrent senescence of flavedo. Although the decreased light intensity probably limited the photosynthetic rates in the leaves and, therefore, the mobilisation of photoassimilates to the fruit, the sensorial evaluation of the protected fruit was not significantly affected. Indeed, only weight and size in the trees receiving protection against solar radiation were decreased. As a result of the minor mobilisation of photoassimilates to the fruit, the soluble solid contents decreased with the increasing time protection of the trees. Additionally, total sugar and sucrose in the fruits of the trees protected against solar radiation decreased. Coupled to these alterations, the decreasing concentration of reducing sugars is a definitive indication of the catabolism of the complex carbohydrates. Moreover, the level of acidity was higher in the fruit of the trees covered until November, which represents an accumulation of organic acids in the cells. The consumed sugar might act as immediate precursors of the accumulation of this organic acids, being the respiration rate of these fruits restricted probably because the energetic needs were lower (which is surely associated to their minor caliber and weight). Indeed, the minor levels of the proportion ATP/ADP activate the catabolism of the reducing sugar, eventually triggering the accumulation of the organic acids and a less efficient production of ATP. The unavoided decreasing production of the fruits was however counterbalanced by an increasing nutritional value due to the increase of vitamin C in the trees covered until November. Indeed, when the trees become unprotected against solar radiance, the fruits have to adapt to a high photooxidative stress. Consequently, the levels of antioxidants in the fruit endocarp sharply increase during the harvest / market period which represents an additional nutritional value.
The measurement of the epicarp colour of these fruits show a decrease in a* value and an increase in b* value. These variations reveal that fruits present a tendency to the yellow, colour that indicates an increasing accumulation of carotenoids. The conclusion is that the protection of the trees until the end of November triggers off a significant reduction of the number of dark stains without affecting the internal quality. A putative explanation of this tendency seems difficult since that pattern could be attributed to a great amount of physiological parameters. However the time of exposure and the light intensity is a determinant external factor.
